a Correspondence to hokyung@pusan.ac.kr Abstract. Terbium-doped gadolinium oxysulfide (Gd 2 O 2 S:Tb) phosphor screen is the most popular X-ray converter in diagnostic radiology. We have investigated the fundamental imaging performance of Gd 2 O 2 S:Tb screens in terms of X-ray sensitivity and MTF (modulation-transfer function). The measurements were performed for a wide range of coverages (34 -135 mg/cm 2 ) by using a conventional film radiographic method. In addition, CsI:Tl having columnar structure was also investigated.
Introduction
In order to detect X rays with pixel detectors, there are two technical methods; a direct detection using photoconductive material that permits the conversion of the incident X rays into the signal charges, and an indirect detection using scintillation material that converts the incident X rays into the optical photons. Therefore, two-dimensional (2D) photosensitive pixel array is necessary for the indirect-detection scheme. Terbium-doped gadolinium oxysulfide (Gd 2 O 2 S:Tb) phosphor screen is the most popular X-ray converter, and often employed to the digital radiographic system owing to its well-known technology and easy handling in size, thickness, and flexibility [1] . Furthermore, the cost is effective. Thallium-doped cesium iodide (CsI:Tl) with columnar structure has recently paid attention because of the great spectral matching to a readout photosensitive pixel array and high spatial resolution [2] .
Various imaging tasks and applications require the relevant design of scintillator in terms of the sensitivity and spatial resolution. In this study, we have investigated fundamental imaging performance of Gd 2 O 2 S:Tb screen with various thicknesses by using a conventional film radiographic method. The CsI:Tl has also been characterized by the same method. The results will be useful for the optimal design of digital X-ray imaging systems.
Materials and Methods
Sample Scintillation Screens. Commercially available Gd 2 O 2 S:Tb screens with various thicknesses (Eastman Kodak, Rochester, NY, USA) were prepared to be investigated. The physical information is summarized in Table 1 . Illustration of the screen structure, for example, Lanex TM Fast Back is as follows [1, 3] . The screen has an overcoat which is about 13-µm-thick. The phosphor layer is about 300-µm-thick and is coated onto a polyester support which is about 175-µm-thick. The support contains TiO 2 to provide a reflectance of about 88% at the 545 nm emission of the phosphor. This reflector is to enhance the screen speed. A certain type of screen such as Lanex TM Fine has no reflector sparing the spatial resolution. On the back of the support is an anti-curl layer which keeps the screen flat. This layer is about 50~60-µm-thick. The phosphor layer is made up of Gd 2 O 2 S:Tb. The binder is a polyurethane elastomer. The aimed coverage of the Lanex TM Fast Back is ~135 mg/cm 2 . As described in Table 1 , the coverage of the phosphor layer is the main variable determining the screen speed and the spatial resolution.
CsI:Tl sample deposited on a 1-mm-thick aluminum substrate (ALS, Hamamatsu, Japan) was prepared. The thickness is about 500 µm. Since it was made in columnar structure to reduce optical photon spreading, there are air pores among columns. The packing density is about 80%. Sensitivity. Operating characteristics of a screen/film system are commonly evaluated by measuring the output optical density of the film as a function of the input exposure. In order to characterize the sensitivity of scintillation screens, we have evaluated characteristic curves for a wide range of energy. An orthochromatic film compatible with rare-earth systems (MG-SR, Konica, Japan) has been used as the optical photon receptor. The exposure at the entrance surface of the screen/film system was measured by replacing a calibrated ion chamber (Victoreen 6000-528, Inovision, USA) while keeping the same distance. The exposed film was developed by a medical film processor (QZ-130II, Knoica, Japan) and then the optical density of the film was read by using a densitometer (PDA-100, Konica, Japan).
The X-ray generating system (DXG-325R, Listem, Korea) mainly consists of a circuit for single-phase, full-wave rectification and a sealed tube (E7239X, Listem, Korea) equipped with a rotating anode. Tungsten target is incorporated to produce X rays with energy ranging 40 to 125 kVp. The target angle is 16° and minimum inherent filtration of the tube is equivalent to 0.7-mm-thick Al. Resolving Power. In order to measure the MTF of the screen/film system, we acquired projection images of a 10-µm-wide slit (I.I.E. GmbH, Aachen, Germany) with the X-ray source operated at 72 kVp. The source-to-detector distance was fixed to 100 cm. The slit image provides a line-spread function (LSF), which was obtained from the scanning microdensitometer (PDM-7, Konica, Japan). The value of optical density in LSF was converted into the value of exposure using the measured characteristic curve. The MTF was then computed by performing a fast Fourier transformation (FFT) of the LSF [2] .
Results and Discussion
Sensitivity. For various scintillation screens as described in Table 1 , we have measured characteristic curves. The setting values of the tube voltage were 60, 80, 100, and 120 kVp. As an example, the measurement results for 80 kVp are plotted in Fig. 1 . Energy dependency of the characteristic curve is shown in Fig. 2 , which was evaluated for CsI:Tl scintillator. The characteristic curves show three distinct regions; (1) constant density region, D min , independent of exposure level for very low exposures (known also as fog), (2) linearly increasing region of density for exposures, and (3) another constant density region, D max , for large exposures. The slope of the linear region in a characteristic curve is an important measure of the screen describing a gain factor, γ, in low-level contrast in the input to density differences in the output. In order to determine γ, we fitted the characteristic curve data with a sigmoidal function,
where X is an exposure in unit of [mR] . Examples are shown in Fig. 1 and Fig. 2 as solid lines. After performing the curve fit, the fitting was evaluated by calculating the coefficient of determination of R 2 . A perfect fit or R 2 = 1 signifies that the fit curve explains 100% of the variability of the data. The worst coefficient of determination was 0.98834 for the Lanex TM Fast Back screen at 120 kVp, and the others were more than 0.998. γ is then calculated as follows;
In order to address the sensitivity of the screen with a single value, we determined a maximum slope of the gain or Γ and it could be easily obtained from that 0 / = ∂ γ ∂ X , and which gives that
. The average values for a wide range of energy are given in Table 1 . Among the physical parameters of the Gd 2 O 2 S:Tb screens, the coverage showed the best coefficient of determination after linear regression for the measurement results of the contrast gain factors. In other words, the thicker the screen the larger the contrast gain. A thicker screen definitely has a greater chance of interactions with X rays so that it gives higher yield of optical photons. However a thicker screen may have a larger probability of trapping of optical photons between phosphor grain boundaries. In addition, possible difference of the structure may cause more complexity in the competition between generation and escape of optical photons. It is noted that the CsI:Tl scintillator shows the largest contrast gain.
Resolving Power. The measured MTF curves for the investigating scintillation screens are shown in Fig. 3 . As expected, the MTF is reduced as the thickness of Gd 2 O 2 S:Tb screen increases, which is due to the optical photon scattering within the screen. Although the thickness of CsI:Tl scintillator is larger than that of Lanex TM Regular by almost three times, the MTF results are comparable. We presume that the relatively higher MTF of the CsI:Tl screen is due to the guided optical photon scattering in columnar structures.
The MTF is a good measure to compare resolving powers among several imaging systems. As an assessment in resolution measurements (i.e., distinguishable line pairs per millimeter or [lp/mm]) with a single value, a spatial frequency corresponding to the MTF of 10% is typically used, which is originated to the definition of the Rayleigh diffraction limit in optics (the Rayleigh limit is at an MTF of about 9%). Instead, we use, in this study, the concept of an effective aperture [5] , 
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where f is a spatial frequency.
The calculated effective apertures based on the measured MTFs were plotted in Fig. 4 and the values are given in Table 1 . For Gd 2 O 2 S:Tb screens, the effective aperture shows good linear dependency on their thickness. It should be noted that, compared with the Gd 2 O 2 S:Tb screens, the CsI:Tl scintillator shows a relatively small aperture even with a larger thickness.
Conclusion
Using conventional film radiographic methods, we have investigated the sensitivity and the resolving power of Gd 2 O 2 S:Tb screens with a wide range of thicknesses. As expected, the sensitivity increases but the resolving power decreases as the thickness increases. Therefore, the optimized selection or the design of the Gd 2 O 2 S:Tb screen should be made with respect to the imaging tasks. We believe that the measurement results obtained in this study can suggest criteria when designing a digital X-ray imaging system with a Gd 2 O 2 S:Tb screen. The columnar CsI:Tl scintillator with a thickness of 500 µm has also been evaluated and the results (sensitivity and resolving power) were comparable to those of the Lanex TM Regular screen.
